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Abstract
Previously a new scheme of quantum information processing based on spin coherent states of two component Bose-Einstein con-
densates was proposed (Byrnes et al. Phys. Rev. A 85, 40306(R)). In this paper we give a more detailed exposition of the scheme,
expanding on several aspects that were not discussed in full previously. The basic concept of the scheme is that spin coherent
states are used instead of qubits to encode qubit information, and manipulated using collective spin operators. The scheme goes
beyond the continuous variable regime such that the full space of the Bloch sphere is used. We construct a general framework for
quantum algorithms to be executed using multiple spin coherent states, which are individually controlled. We illustrate the scheme
by applications to quantum information protocols, and discuss possible experimental implementations. Decoherence effects are
analyzed under both general conditions and for the experimental implementation proposed.
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1. Introduction
Bose-Einstein condensation was first achieved in 1995 for
ultracold atoms [1, 2], as well as a variety of different physi-
cal systems, ranging from exciton-polaritons [4], magnons [5],
photons [6], and superfluid Helium [7]. For atomic Bose-
Einstein condensates (BECs), atom chip technology has made
possible the miniaturization of traps on the micrometer scale,
allowing for the possibility of the individual formation and con-
trol of many BECs [8]. Due to the long coherence times of cold
atoms, a natural application for such systems is quantum infor-
mation processing, ranging from such tasks as quantum metrol-
ogy [3], quantum simulation [9], and quantum computing.
Recently, two component BECs were realized on atom chips
realizing full control on the Bloch sphere and spin squeez-
ing [10–12]. The primary application for such two compo-
nent BECs is currently thought to be for quantum metrology
and chip based clocks. Here we discuss its applications to-
wards quantum computation. In particular we review a new
approach to quantum information processing based on spin co-
herent states of two component BECs, originally proposed in
Ref. [14]. While BECs have been considered for quantum
computation in the past in works such as Ref. [13], the results
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have shown to be generally been unfavorable for these purposes
due to enhanced decoherence effects due to the large number of
bosons N in the BEC. The basic idea of the scheme in Ref. [14]
is to take advantage of the analogous state structure of spin co-
herent states on the Bloch sphere as qubits. The state of a qubit
at a particular location on the Bloch sphere is encoded as a spin
coherent state with the same parameters on the Bloch sphere.
Manipulations of the state then proceed by applying collective
spin operators S x,y,z and the entangling operations S zS z. Us-
ing this particular encoding of the quantum information, largely
mitigates the problem of decoherence as found in Ref. [13].
We develop the framework for quantum computation using this
encoding, illustrated with several quantum algorithms. We also
analyze the effects of decoherence from several standpoints and
discuss the scheme’s performance under a variety of conditions.
2. Encoding a single qubit on a spin coherent state
To encode a qubit, we will consider BECs with ground state
degrees of freedom, such as two hyperfine levels in an atomic
BEC [3]. We assume that temperatures are sufficiently low such
that the spatial degrees of freedom are frozen out. Denote the
bosonic annihilation operators of the two ground states as a and
b. These obey standard bosonic commutation relations [a, a†] =
[b, b†] = 1 [15]. We then propose that a standard qubit state
α|0〉 + β|1〉 is now encoded on the BEC in the spin coherent
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state such that
|α, β〉〉 ≡ 1√
N!
(
αa† + βb†
)N |0〉, (1)
where α and β are arbitrary complex numbers satisfying |α|2 +
|β|2 = 1. Double brackets are used to denote spin coherent
states, emphasizing the fact that these are macroscopic states in-
volving many particles. We call the state (1) a “BEC qubit” due
to the analogous properties of this state with a standard qubit.
For simplicity we consider the boson number N = a†a + b†b to
be a conserved number, which amounts to a zero temperature
approximation. Assuming N particles that can be in either level
a or b, the Hilbert space has a dimension of N + 1. Fock states
can be written as
|k〉 ≡ (a
†)k(b†)N−k√
k!(N − k)! |0〉, (2)
which are orthonormal 〈k|k′〉 = δkk′ with k ∈ [0, N].
The spin coherent state (1) can be visualized by a point on the
Bloch sphere with an angular representation α = cos(θ/2), β =
sin(θ/2)eiφ. The spin coherent states form a set of pseudo-
orthogonal states for large N. The overlap between two states
can be calculated to be
〈〈α′, β′|α, β〉〉 = e−i(φ−φ′)N/2
[
cos
(
θ − θ′
2
)
cos
(
φ − φ′
2
)
+ i cos
(
θ + θ′
2
)
sin
(
φ − φ′
2
) ]N
. (3)
For example, for φ = φ′ the overlap simplifies to
〈〈α′, β′|α, β〉〉 = cosN
(
θ − θ′
2
)
≈ exp
(
−N(θ − θ
′)2
8
)
. (4)
Thus beyond angle differences of the order of θ − θ′ ∼ 1/
√
N,
the overlap is exponentially suppressed.
The state (1) can be manipulated using total spin (Schwinger
boson) operators
S x = a†b + b†a,
S y = −ia†b + ib†a,
S z = a†a − b†b, (5)
which satisfy the usual spin commutation relations [S i, S j] =
2iǫi jkS k, where ǫi jk is the Levi-Civita antisymmetric tensor. In
the spin language, (1) forms a spin-N/2 representation of the
SU(2) group (we omit the factor of 1/2 in our spin definition for
convenience). For the special case of N = 1, the spin operators
reduce to Pauli operators
σx = |1〉〈0| + |0〉〈1|,
σy = −i|1〉〈0| + i|0〉〈1|,
σz = |1〉〈1| − |0〉〈0|. (6)
When referring to standard qubits, we will use the σx,y,z nota-
tion throughout this paper to differentiate this to the BEC case
where we will use S x,y,z.
Single BEC qubit rotations can be performed in a completely
analogous fashion to regular qubits. For example, rotations
around the z-axis of the Bloch sphere can be performed by an
evolution
e−iΩS
zt |α, β〉〉 = 1√
N!
N∑
k=0
(
N
k
)
(αa†e−iΩt)k(βb†eiΩt)N−k |0〉
= |αe−iΩt, βeiΩt〉〉. (7)
Similar rotations may be performed around any axis by an ap-
plication of
H1 = ~Ωn · S = ~Ω(nxS x + nyS y + nzS z) (8)
where n = (nx, ny, nz) is a unit vector. Expectation values of the
total spin are identical to that of a single spin (up to a factor of
N), taking values
〈S x〉 = N(α∗β + αβ∗)
〈S y〉 = N(−iα∗β + iαβ∗)
〈S z〉 = N(|α|2 − |β|2), (9)
where 〈S x,y,z〉 ≡ 〈〈α, β|S x,y,z|α, β〉〉. These may be derived effi-
ciently by using the relations
[S x, αa† + βb†] = αb† + βa†
[S y, αa† + βb†] = −iαb† + iβa†
[S z, αa† + βb†] = αa† − βb† (10)
and
[α∗a + β∗b, αa† + βb†] = 1. (11)
In contrast to the average spin, when normalized according
to S x,y,z/N has the same result as for standard qubits, variance
diminishes under the same normalization:
〈(S z)2〉 − 〈S z〉2
N2
=
4|αβ|2
N
. (12)
This is in accordance to widespread notion that for N → ∞
the spins approach “classical” variables. We shall however see
in the following section that despite the classical appearance
of such a state, such a many boson state can exhibit quantum
properties such as entanglement.
We note that collective state encodings have been proposed
previously in works such as Refs. [16–18], where a large num-
ber of particles is used to encode a two level system. A key
difference between the encoding in these works and (1) is that
the full N + 1 Hilbert space is used here to encode the two level
system. Typically in these works first the spins are polarized in
a particular direction and low lying excitations are used to en-
code quantum information. In contrast, for various parameters
α, β the state (1) uses the full Hilbert space of the spins. Thus
although many physical particles encode the quantum state, the
Hilbert space mapping is one-to-one.
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Figure 1: a The entanglement normalized to the maximum entanglement
(Emax = log2(N + 1)) between two BEC qubits for the particle numbers as
shown. b Entanglement at a time Ωt = π/4N for various boson numbers N. c
A schematic representation of the entangled state (19), reproduced from Ref.
[14].
3. Entanglement between BECs
Two BEC qubit gates can be formed by any product of the
Schwinger boson operators of the form
H2 =
M∑
n,m=1
∑
i, j=x,y,z
~Ωi jS inS
j
m (13)
where Ωi j are real symmetric parameters. Our first aim will be
to show that such an operator, combined with H1 allows for a
set of operations with the corresponding operations to standard
qubit operations. To make this definition more precise, let us
consider the most general Hamiltonian for standard qubits:
H =
∑
j
A( j)
M∏
n=1
σ
j(n)
n (14)
where j is a vector of length M with entries j(n) = 0, x, y, z,
and the sum over j runs over every combination. We assume
the convention that σ0 = I is the identity matrix. The A( j) are
arbitrary coefficients. Accordingly, we will say for the BEC
qubit case that we may perform the corresponding operations
to standard qubit operations if we can realize the Hamiltonian
H =
∑
j
A( j)
M∏
n=1
S j(n)n (15)
where again we assume the convention that S 0 = I is the iden-
tity and other definitions are the same as the standard qubit case.
A well known result from quantum control theory states that
if it is possible to perform an operation with Hamiltonians HA
and HB, then it is also possible to perform the operation corre-
sponding to HC = i[HA, HB] [21]. Therefore, the combination
of H1 and H2 may be combined to form an arbitrary Hamil-
tonian involving spin operators according to universality argu-
ments. It is simple to show that by successive commutations of
H1 and H2 an arbitrary product of spin Hamiltonians
H ∝
M∏
n=1
S j(n)n (16)
may be produced. An arbitrary sum of such Hamiltonian may
then be produced for example by a Trotter expansion, which is
of the form (13) [21]. For BEC qubits in general higher order
operators may be constructed (e.g. S ln with l ≥ 2). However,
our aim here is to produce the corresponding operations to a
standard qubit system using the BEC qubits hence are unneces-
sary for our purposes.
Such two BEC interactions naturally possess a bosonic en-
hancement which can result in short gate times. To see this,
note that Pauli operators are σ j ∼ O(1) while the Schwinger
boson operators are S j ∼ O(N). This makes the two BEC qubit
interaction H2 ∼ O(N2). The effect of the boosted energy scale
of the interaction can be observed by examining explicitly the
state evolution of two BEC qubits. Let us consider henceforth
the interaction Hamiltonian
H2 = ~ΩS z1S
z
2. (17)
This may be done without any loss of generality since (13) can
be converted to (17) by universality arguments. As a simple
illustration of two BEC entanglement, let us perform the ana-
logue of the maximally entangling operation
e−iσ
z
1σ
z
2
π
4 (| ↑〉 + | ↓〉)(| ↑〉 + | ↓〉) = | + y〉| ↑〉 + | − y〉| ↓〉, (18)
where |±y〉 = e∓i π4 | ↑〉+e±i π4 | ↓〉. Starting from two unentangled
BEC qubits, we may apply H2 to obtain
|Ψ(t)〉 = e−iΩS z1S z2t | 1√
2
,
1√
2
〉〉| 1√
2
,
1√
2
〉〉 =
1√
2N
∑
k2
√(
N
k2
)
|e
i(N−2k2)Ωt
√
2
,
e−i(N−2k2)Ωt√
2
〉〉|k2〉, (19)
where we have used the normalized eigenstates of the S z op-
erator (2). For gate times equal to Ωt = π/4N we obtain the
analogous state to (18). For example, the maximum S z eigen-
states |k2 = 0, N〉 on BEC qubit 2 are entangled with the states
| ± y〉〉 ≡ | e±iπ/4√
2
, e
∓iπ/4√
2
〉〉, which is the analogue of a Bell state for
the BEC qubits. A visualization of the state (19) is shown in
Figure 1(c). For each z-eigenstate on BEC qubit 2, there is a
state | ei(N−2k2)π/4N√
2
, e
−i(N−2k2)π/4N√
2
〉〉 on BEC qubit 1 represented on the
Bloch sphere entangled with it. The type of entangled state is a
continuous version of the original qubit state (18), and has sim-
ilarities to continuous variable formulations of quantum com-
puting [22], although the class of states that are used here are
quite different.
The effect of the boosted energy scale of (17) is that a gate
time ofΩt = π/4N was required to produce this entangled state,
in comparison to the standard qubit case of Ωt = π/4. The ori-
gin of the reduced gate time is due to the bosonic enhancement
of the interaction Hamiltonian, originating from the boosted en-
ergy scale of many particles occupying the same quantum state
3
in the BEC. An example of the speedup for the case of atom
chips will be given in the section relating to the experimental
implementation.
Despite the widespread belief that for N → ∞ the spins ap-
proach classical variables according to (12), the entangling op-
eration (19) generates genuine entanglement between the BEC
qubits. As a measure of the entanglement, in Figure 1(a) we
plot the von Neumann entropy E = −Tr(ρ1 log2 ρ1), where
ρ1 = Tr2|Ψ(t)〉〈Ψ(t)| has the partial trace over the degrees of
freedom in BEC 2 taken [19]. For the standard qubit case
(N = 1), the entropy reaches its maximal value at Ωt = π/4
in accordance with (18). For the BEC qubit case there is an
initial sharp rise, corresponding to the improvement in speed of
the entangling operation, but later saturates to a non-maximal
value due to the presence of the binomial factors in (19) biasing
the states towards zero spin values. This saturating value ap-
proaches limN→∞ E/Emax ≈ 1/2 [20], showing that macroscopic
entanglement can indeed survive even in the “classical” limit of
N → ∞. In Figure 1(b) we show the amount of entanglement
present at times Ωt = π/4N. We see that at such times there
is approximately the same amount of entanglement as for the
N = 1 case as for large N, confirming that the e−iS z1S z2π/4N gate
gives the bosonic analogy to the operation (18).
In a realistic experimental situation, it is very challenging to
have perfect control of the atom number on each BEC. In the
above discussion we have assumed for simplicity that the atom
numbers N1 and N2 on BEC qubits 1 and 2 respectively are
equal N1 = N2 = N. For unequal atom numbers the entangling
operation creates the state
e−iΩS
z
1S
z
2t| 1√
2
,
1√
2
〉〉N1 |
1√
2
,
1√
2
〉〉N2 =
1√
2N2
N2∑
k2=0
√(
N2
k2
)
|e
i(N2−2k2)Ωt
√
2
,
e−i(N2−2k2)Ωt√
2
〉〉N1 |k2〉 = (20)
1√
2N1
N1∑
k1=0
√(
N1
k1
)
|k1〉|
ei(N1−2k1)Ωt√
2
,
e−i(N1−2k1)Ωt√
2
〉〉N2 . (21)
We therefore have the same general structure, but a differ-
ent distribution of spin coherent states according to the phase
factors e±i(N1,2−2k1,2)Ωt. Taking the example of a rotation with
Ωt = π/4N as an example, having fluctuations N1,2 = N + δN1,2
amounts to having a “fan” of spin coherent states with ends
which are not exactly distributed in the ±y directions in Figure
1(c). The error of this is δN1,2/N, which for the work of Ref.
[28] was estimated to be at a level of ∼ 4%. If N1,2 can be mea-
sured accurately, this variation can be compensated by choosing
appropriate gate times Ωt = π/4N1,2. However, only one of the
distributions of the coherent states can be fixed as can be seen
from (20) and (21). While absorption imaging can be done with
an accuracy of several atoms [28], this destroys the BEC hence
non-destructive methods such as phase contrast imaging would
be required [44]. Thus the effect of number fluctuations can be
considered to be an effective gate error, which may be mitigated
if the particle numbers are known. If the precise particle num-
bers are unknown, this contributes to an effective dephasing on
average which acts on the two BEC entangling gate. One BEC
qubit coherent operations are immune to the variation in par-
ticle number as may be observed by examining (7) where the
phases are independent of the particle number N.
a b11
c1
???????????
??????? ???????
g g
G
1 2
a b22
c2
G
Figure 2: Two BEC qubits mediated by a quantum bus. The quantum bus cou-
ples transitions between levels b and c with energy G. Individual pulses cou-
pling levels b and c with energy g create an effective S zS z interaction between
the two BECs.
4. Quantum algorithms
For a particular quantum algorithm designed on standard
qubits, how does one translate this to BEC qubits? Due to the
larger Hilbert space of the bosonic system, there is in fact no
unique mapping – there are many different possible solutions.
However, there are a few constraints that we demand for a suit-
able mapping. These are:
• A simple mapping between the input and output states of
the algorithm on BEC qubits to its qubit counterpart exists
• The operations should not involve complex controls be-
yond linear products of spin operators (16)
• The algorithm should be robust against decoherence (does
not involve encodings on states that are sensitive to deco-
herence, e.g. Schrodinger cat states)
The first of these criteria ensures that the BEC qubit version of
the algorithm in fact does perform effectively the same quan-
tum computation as its qubit counterpart. Once the quantum
algorithm is complete, one should be able to read off the re-
sult of quantum computation by a readout of the BEC qubits,
which may involve some simple encoding rule to obtain the
standard qubit version. As has been discussed in the previ-
ous sections, the BEC qubits do not have precisely the same
properties as qubits, but they are similar in many respects. The
question is, are they similar enough such that for the purposes
of performing a quantum algorithm, they can be used instead
of standard qubits? The hypothesis of quantum computing us-
ing spin coherent states is that the answer to this question is
“yes”, although a conclusive answer to this question is still in
the process of being investigated. The second and third criteria
ensure that no experimentally unrealistic situations are assumed
in constructing the quantum algorithm, as the current scheme
aims to produce demonstrable protocols in the lab.
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Finding a quantum algorithm which satisfies the above prop-
erties is a nontrivial task, but for many applications a good
starting point amounts to: (i) finding the sequence of Hamil-
tonians required for the algorithm, (ii) making the replacement
σ
j
n → NS jn, σinσ jm → S inS jm, (iii) Evolving the same sequence
of Hamiltonians for a reduced time t → t/N. This approach is
reasonable from the point of view that we are performing the
same algorithm except that a higher representation of SU(2) is
being used.
Let us illustrate this procedure with the simple example of
Deutsch’s algorithm. We reformulate the standard qubit ver-
sion (N = 1) of the algorithm in the following form conve-
nient for our purposes [19]. The oracle performing the function
|x〉|y〉 → |x〉| f (x) ⊕ y〉 is assumed to be one of the four Hamil-
tonians HD = {0, 2σz2, σz1σz2 + σz2 − 1,−σz1σz2 + σz2 − 1} and
evolved for a time t = π/4, which correspond to the functions
f (x) = {(0, 0), (1, 1), (0, 1), (1, 0)} respectively. The initial state
is assumed to be the state (↑ + ↓) ↑, and a measurement of BEC
qubit 1 in the x-basis distinguishes between constant and bal-
anced functions via the results (↑ + ↓) and (↑ − ↓) respectively.
This can be translated into the corresponding algorithm for
BEC qubits according to the following procedure. The ora-
cle is assumed to be one of the following Hamiltonians HD =
{0, 2NS z2, S z1S z2+NS z2−N2,−S z1S z2+NS z2−N2}, and we prepare
the initial state as | 1√
2
, 1√
2
〉〉|1, 0〉〉. After evolving the Hamilto-
nians for a time t = π/4N, we obtain (up to an overall phase)
e−iHDπ/4N | 1√
2
,
1√
2
〉〉|1, 0〉〉 = | 1√
2
,± 1√
2
〉〉|1, 0〉〉, (22)
where + is obtained for the constant cases and − for the bal-
anced cases. A measurement of BEC qubit 1 distinguishes the
constant and balanced cases with one evaluation of the oracle,
which is precisely the same result as the qubit version of the
Deutsch’s algorithm.
Another quantum algorithm for which the mapping has been
demonstrated to date is quantum teleportation [32], where a
BEC qubit is transferred between two parties by the use of
shared entanglement. We refer the reader to Ref. [32] for fur-
ther details regarding the protocol. In the case of teleportation
the recipe σ jn → NS jn, σinσ jm → S inS jm requires some modifica-
tion in order to satisfy the expected properties of teleportation.
Specifically, the entangling times that are used areΩt = 1/
√
2N
rather than Ωt = π/4N discussed above.
5. Experimental implementation
The most promising system for realizing the current scheme
is using BECs on atom chips, as many BECs may be placed
close together, and BEC spin coherent states have been realized
and manipulated [10–12]. We now describe the specific exper-
imental configuration for the above theory applying it to this
case. In these works, the |F = 1,mF = −1〉 and |F = 2,mF = 1〉
hyperfine levels of the 5S1/2 ground state of 87Rb are used as
the qubit states. In terms of Figure 2, we make the associa-
tion for the operator a† (b†) as creating an atom in the state
|F = 1,mF = −1〉 (|F = 2,mF = 1〉). Since the BEC con-
tains a large number of atoms, there can be more than one atom
present in a particular level, as illustrated in Figure 2. Level “c”
in Figure 2 corresponds to a suitable higher energy level satis-
fying optical selection rules determined by the polarization of
the laser fields. For example, taking the b ↔ c transitions to be
σ− circularly polarized light, we make the association that the
c† operator creates an atom in the state |F′ = 2,m′F = 0〉 of the
5P3/2 state.
Single qubit rotations may be performed according to ex-
isting methods using microwave pulses as discussed in Refs.
[11, 12]. Here we discuss an alternative all-optical method
for single qubit rotations which naturally fits into the scheme
for two qubit rotations (discussed below) [31]. Using detuned
pulses we may connect levels a and b via an adiabatic passage
using the two transitions shown in Figure 2. These are
H1 = ∆c†c + g(a†c + c†a) + g(b†c + c†b) (23)
Here c† is a creation operator for a boson in level c and ∆ is
the detuning between the laser pulse and the transition energy.
Assuming that ∆ ≫ g, the effective coupling between levels a
and b is then
Heff1 =
g2
∆
(a†b + b†a) = g
2
∆
S x. (24)
There is however a complication with a straightforward ap-
plication of the above scheme, which is that in order to create
a transition between |F = 1,mF = −1〉 and |F = 2,mF = 1〉
levels, the nuclear spin must be necessarily flipped, which can
only occur by the hyperfine coupling [33]. The effective Rabi
frequency can be derived in two equivalent ways, using a a two
level adiabatic passage as in Ref. [31], or by considering the in-
terference between hyperfine coupled basis [33]. In either case
the effective Rabi frequency is
~Ω
eff
1 =
g2δE
∆2
. (25)
where δE is the hyperfine splitting of the optically excited
states. S z rotations are performed by exploiting the natu-
ral energy difference between the F = 1 and F = 2 levels
Ωz/2π ∼ 6.8GHz, which allows for full control of the single
qubit state on the Bloch sphere.
Two qubit gates may be implemented by using a quantum
bus [24], which is implemented by connecting two BEC qubits
via cavity QED, as shown in Figure 2. Recent experimental ad-
vances have allowed for the possibility of incorporating cavity
QED with atom chips [25, 26]. A scheme for entangling two
BECs via cavity QED was described in Ref. [29]. In order
to perform the entangling operation (17), the two BECs corre-
sponding to the two qubits are placed within the cavity, with a
resonant frequency detuned off the b ↔ c transition as for the
single qubit case. Due to the large detuning, without the pres-
ence of the laser induced transition b ↔ c, the cavity has no
effect on the states. The two BEC qubit gate can be turned on
and off on demand by the application of the laser connecting
levels b and c.
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To model such a system, consider an interaction Hamiltonian
[29, 30]
H2 =
~ω0
2
∑
n=1,2
Fzn + ~ωp†p +G
∑
n=1,2
[
F−n p† + F+n p
]
, (26)
where Fz = c†c− b†b, F+ = c†b, ω0 is the transition frequency,
and p is the photon annihilation operator. Assuming a large de-
tuning ∆ = ~ω0 − ~ω ≫ G, we may adiabatically eliminate the
photons and the excited state we obtain an effective Hamilto-
nian
Heff2 ≈ ~Ωeff2 (2S z1S z2 − (S z1)2 − (S z2)2) (27)
where first order spin operators have been dropped and
~Ω
eff
2 = −
G2g2
4∆3
. (28)
The energy scale of the interaction term is then proportional to
N2 as claimed previously. Although this interaction involves
undesired single qubit interaction terms ∼ (S z)2, these may be
eliminated and converted to the form ∝ S z1S z2 by either perform-
ing a cancellation process as described in [29], or by concate-
nating this with single qubit gates using universality arguments
[21].
Finally, we discuss how measurements can be performed on
the BECs. There are primarily two classifications for measure-
ment, which can be classified according to whether it is destruc-
tive or nondestructive with respect to the BEC itself. While the
quantum state is always perturbed in a measurement, in a de-
structive measurement the BEC itself is destroyed in the pro-
cess, such that it cannot be repeated more than once for a par-
ticular experimental instance. These include techniques such as
absorption imaging [1, 34] or fluorescent imaging [35] which
are examples of strong projective measurements. In these cases,
what is finally performed is a count of the number of atoms in
each level, which is a measurement in the S z basis. On the
other hand nondestructive techniques using non-resonant de-
tuned light [36–41] have been used to measure the properties
of ultracold atomic gases [39–41], as well as small and dense
atomic condensates [36–38]. In particular, in phase contrast
imaging (PCI) [36–38] coherent light illuminates the BEC and
a state dependent phase shift develops in the light. By measur-
ing the phase shift via interference, the state of the BEC can
be inferred. The PCI measurement does not destroy the atomic
condensate, it can be applied repeatedly [42, 43] on the same
atomic sample. This also amounts to an estimate of S z, but is
not a strong measurement and instead results in some dephasing
of the coherence between the levels [44].
6. Decoherence
We now consider decoherence effects due to the use of BEC
qubits. We first examine the effects of dephasing and single
particle loss in a generic way. In this case special emphasis will
be made on the scaling properties of the decoherence with N,
which is typically a large number in our case. We later give
the various decoherence channels from a physical perspective
under various situations.
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Figure 3: Decoherence effects of using bosonic qubits for coherent operations.
(a) Evolution under a two qubit S x1S x2 gate under S z-type decoherence. Param-
eters used are Γz = 0.01 and ~Ω2 = 1 in (33). (b) The error of the two qubit
operation as described in Fig. 2 as function of boson number N for various evo-
lution times as shown. (c) Decoherence of Rabi oscillations due to spontaneous
emission of an intermediate adiabatic passage state (solid lines). Parameters
used are g = 1, ∆ = 10, Γs = 0.1 in (38). The effective decay rate exp[−Γeff1 t]
is plotted for comparison (dotted lines). (d) The error dependence with N for
the two qubit gate induced by cavity QED. Parameters used are Γc = 1, G = 1,
∆ = 10 in (41). The dotted line shows the effective decay rate exp[−Γeff2 t].
6.1. General properties of decoherence on BEC qubits
6.1.1. Dephasing and single particle loss for state storage
The first scenario we consider is when a quantum state is
stored in the system of qubits and no gates are applied, i.e.
when the BEC qubits are used to simply store a state. Let us
assume the two generic channels of decoherence of dephasing
and single particle loss. Considering dephasing first, we model
this via the master equation
dρ
dt = −
Γz
2
M∑
n=1
[(S zn)2ρ − 2S znρS zn + ρ(S zn)2], (29)
where Γz is the dephasing rate. For a standard qubit reg-
ister, the information in a general quantum state can be re-
constructed by 4M − 1 expectation values of (I1, σx1, σy1, σz1) ⊗
(I2, σx2, σy2, σz2) · · ·⊗(IM, σxM , σyM, σzM) [23]. For the bosonic sys-
tem, we can consider the same correlations but with the replace-
ment σ → S , but there are in general higher order correlations
involving powers of operators beyond order one, but these are
unnecessary for our purposes as previously discussed.
Examining the dephasing of the general correlation
〈∏n S j(n)n 〉 where j(n) = I, x, y, z, we obtain the evolution equa-
tion d〈∏n S j(n)n 〉/dt = −2ΓzKz〈∏n S j(n)n 〉, which can be solved
to give
〈
∏
n
S j(n)n 〉 ∝ exp[−2ΓzKzt]. (30)
Here Kz is the number of non-commuting S j(n)n operators with
S zn (i.e. j(n) = x, y), which is independent of N and is at most
equal to M. The crucial aspect to note here is that the above
equation does not have any N dependence. In fact the equation
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is identical to that for the standard qubit case (N = 1). Physi-
cally this difference is due to the statistical independence of the
dephasing processes among the bosons.
For single particle loss, we consider the Hamiltonian
dρ
dt = −
Γl
2
M∑
n=1
[a†nanρ − 2anρa†n + ρa†nan + b†nbnρ − 2bnρb†n + ρb†nbn],
(31)
where Γl is the particle loss rate. We find the similar result
〈
∏
n
S j(n)n 〉 ∝ exp[−ΓlKlt], (32)
where Kl is the number of S j(n)n operators that are not the iden-
tity (i.e. j(n) = x, y, z), which is again independent of N and
is at most equal to M. The general results of (30) and (32)
show that dephasing and single particle loss is not enhanced
by the use of BEC qubits when they are used to store a spin
coherent state. For an implementation using atom chip BECs,
the dephasing time 1/Γz has been estimated to be on the order
of seconds [12], which is highly competitive in comparison to
other systems proposed for quantum computation [27].
The origin of this behavior is that powers of the spin op-
erators beyond one (e.g. (S xn)2) are not used to encode any
quantum information in our scheme. An extreme case that
would be highly susceptible to decoherence would be the use
of Schrodinger cat states such as α|1, 0〉〉 + β|0, 1〉〉 to encode
quantum information [13]. Such states are highly vulnera-
ble to decoherence, due to the high order spin correlations
〈(S xn)N〉 − 〈S xn〉N present for such a state. We note that although
we only considered single particle loss here, in general there
exist higher order loss effects such as three-body recombina-
tion which would increase with particle number. However, as
we show in Sec. 6.2.1, for atom chips these are in practice
rather small effects and are not detrimental to the scheme.
6.1.2. Dephasing under continuous operation
The results of the previous subsection suggest that as long as
we only observe correlations of the form 〈∏n S j(n)n 〉, the system
is stable against accelerated decoherence effects due to the large
boson numbers involved. Here we show that depending on the
state trajectory that is traversed by the quantum algorithm, there
are circumstances where decoherence effects can be enhanced.
We discuss ways to avoid this situation.
The simplest example where this occurs is for the two qubit
operation H2 = ~Ω2S z1S
z
2 under S
x
-type dephasing. The master
equation for this is
dρ
dt = i[ρ, H2] −
Γz
2
2∑
n=1
[(S xn)2ρ − 2S xnρS xn + ρ(S xn)2]. (33)
In Figure 3a we show results showing the expectation value of
〈S x1〉 after preparing both the qubits in S x = N eigenstates. We
see that there is a degradation of the oscillations with increasing
N. An understanding of the origin of this enhanced decoher-
ence can be obtained by examining the structure of the states at
particular times. For example, atΩ2t = π/4, (19) can be written
1
2
(
| 1√
2
,
1√
2
〉〉1 + |
1√
2
,− 1√
2
〉〉1
)
|e
iπN/4
√
2
,
e−iπN/4√
2
〉〉2
+
1
2
(
| 1√
2
,
1√
2
〉〉1 − |
1√
2
,− 1√
2
〉〉1
)
| − e
iπN/4
√
2
,
e−iπN/4√
2
〉〉2.
(34)
which is an entangled Schrodinger cat state. Thus although the
system returns to a product state with periodΩ2T = π/2, during
its evolution it traverses fragile states that are highly susceptible
to decoherence [20].
What does the observation mean for quantum processing us-
ing BEC states? Fortunately, as we have discussed in previ-
ous sections, in the mapping of standard qubit algorithms to the
bosonic qubits, gates producing such highly entangled states
often can be avoided during the construction of the algorithm.
For example, the mapping of the CNOT operation requires gate
times of Ω2t = π/4N. At such times the state does not in-
volve Schrodinger cat states, as may be observed from (19). A
demonstration of the error for these short gate times is shown
in Figure 3(b). The errors are defined to be the value 1 − 〈S
z
1〉
N
after evolving under Hxx for the times shown, then reversing the
operation by application of −Hxx for an equal time. We see that
as the boson number is increased a monotonic decrease in error
is achieved. This can be understood as originating from the fast
two qubit gates that are possible using bosons, under the same
dephasing rate allowing for an improved fidelity of operation.
For long gate operations such as Ω2t = π/4 we see an increase
of the error with N, which is also evident in Figure 3(a). The
critical time beyond which the state is highly susceptible to de-
coherence appears to be approximately Ω2t ∼ 1/2
√
N, which
coincides with the timescale required for entanglement of order
E ∼ O(Emax) to occur in Figure 2a.
6.2. Physical channels of decoherence
In the previous sections we have attributed the decoherence
mechanisms of dephasing and particle loss in a generic way
without considering their physical origins. We henceforth con-
sider more specifically the physical origins of each of these ef-
fects. Specifically we consider the specific decoherence chan-
nels introduced by the optical manipulation scheme as de-
scribed in Sec. 5. These decohering effects occur only during
the single and two BEC qubit operations, unlike other effects
such as particle loss which are always present.
6.2.1. Particle loss in atom chips
For particle loss in atom chip BECs we have two major con-
tributing factors: interactions with the background and inelastic
collisions between the atoms [28]. We can model these factors
with the following rate equation
1
N
dN
dt = −Γl − K 〈n〉 − L
〈
n2
〉
(35)
where Γl is loss due to background interactions, n is the density
of particles, K is the two-body scattering rate, and L is the three-
body recombination rate, and N is the atom number. Note that
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the effects of both two-body scattering and three-body recom-
bination scale with particle density, thus are more significant at
high densities.
As we encode our quantum information using two atomic
hyperfine states, for our chosen two states of the BEC the loss
equation is [28]
1
Na
dNa
dt = −Γl − Kab 〈nb〉 − La
〈
n2a
〉
(36)
1
Nb
dNb
dt = −Γl − Kab 〈na〉 − Kb 〈nb〉 (37)
here the subscripts label the two hyperfine states a ≡
|F = 1,mF = −1〉 and b ≡ |F = 2,mF = 1〉, and Kab is a rate
constant for collision between the two states, and Na,b are the
populations of the respective hyperfine states. There is no two-
body scattering term, Ka, in (36) because such collisions are
forbidden due to conservation of energy and angular momen-
tum selection rules [46]. For BECs in standard (non-atom chip)
magneto-optical traps, the three-body recombination is typi-
cally the dominant effect as shown in [45], with an estimated
value of La = 5.8(1.9) × 10−30cm6 s−1. However, this is due
to the relatively high density of BECs in this configuration, and
in atom chips the densities are much lower making this a less
serious effect. The three-body recombination term is left out
of (37) because the two-body term remains and is much more
significant, with rate constants Kb = 1.194(19)× 10−13 cm3 s−1
and Kab = 0.780(19)× 10−13 cm3 s−1 as measured in Ref. [47].
Lastly the background loss, has been measured for atomic chips
to be no greater than order Γl = 10−1 s−1 [28].
With these experimental values we can calculate some esti-
mates for these effects. On atom chips the particle densities be-
ing of order 1012 cm−2 [28], giving a three body-recombination
lifetime of order 106 s, and the two-body inelastic collisions in
state |2, 1〉, and between states, giving a lifetime of 10 s, which
is comparable to the background loss. Thus the three body-
recombination is negligible compared to both background loss
and two-body scattering. In either case, these long lifetimes
mean in practice the loss should not contribute significantly to
the decoherence of the BEC qubits.
6.2.2. Spontaneous emission
We now turn to additional sources of decoherence that may
occur due to the experimental implementation that is used [29].
Specifically, for the single qubit rotations which involve an adi-
abatic passage through excited states as discussed in the previ-
ous section, spontaneous emission can occur which can affect
the fidelity of the operation. To model this effect we consider a
single Λ-scheme as shown in Figure 2, and consider the master
equation
dρ
dt =i[ρ, H1] −
Γs
2
[
c†aa†cρ − 2a†cρc†a + ρc†aa†c
]
− Γs
2
[
c†bb†cρ − 2b†cρc†b + ρc†bb†c
]
(38)
where H1 is given in (23). Here we have assumed that the cou-
pling g to the intermediate level from the logical states a and b
are equal, and ∆ is the detuning to level c. Equations (38) can
be solved for arbitrary N [29], and we show the results in Figure
3(c). For large detunings ∆ ≫ g we see Rabi oscillations be-
tween levels a and b, resulting in the oscillations corresponding
to an effective coupling
~Ω
eff
1 =
g2
∆
. (39)
The decoherence is found to have an effective rate of
Γ
eff
1 ≈
g2Γs(N + 1)
∆2
. (40)
The factor of N + 1 originate from the enhanced spontaneous
emission due to final state stimulation of the bosons. Although
(40) has a scaling proportional to N which appears to be detri-
mental to the scheme, there are several ways to overcome this.
As the detuning ∆ is a free experimental parameter, this may be
chosen to be sufficiently large to overcome the factor of N+1 in
the numerator. The drawback to this is that (39) also becomes
rather small, corresponding to long gate times. In Ref. [31], it
was shown that by a suitable choice of parameters it is possible
to obtain gates in the range of ∼ MHz, which still exceed the
gate speeds based on microwave pulses. An alternative method
based on the stimulated Raman adiabatic passage (STIRAP) po-
tentially offers a far more superior approach, as it involves dark
states not involving the excited state at all [48]. By eliminat-
ing the excited state contribution this greatly suppresses the de-
phasing due to spontaneous emission, which is one of the main
drawbacks of using optical methods to control BECs. There-
fore, while (40) captures the main disadvantage of optical co-
herent control of BECs, by the use of suitably designed optical
pulses we expect that this is experimentally viable.
6.2.3. Cavity photon loss
Another mechanism of decoherence is via cavity photon de-
cay, for the two BEC qubit interactions implemented by the
quantum bus methods described in the previous section. We
model the decoherence for this process via the master equation
dρ
dt = i[ρ, H2] −
Γc
2
[
p†pρ − 2p†ρp + ρp†p
]
(41)
where H2 is given in (26). We expect that this form of deco-
herence is independent of N, since the cavity photon decay rate
is in general independent on photon population in the cavity.
Since (41) produces an effective two BEC interaction, it is sus-
ceptible to the enhanced decoherence effects as were discussed
in previous sections. For this reason we restrict our discussion
to short gate times with Ωeff2 t = π/4N. In Ref. [29] it was found
that the effective of the cavity decay may be summarized by the
effective decoherence rate
Γ
eff
2 ≈
G2Γc
∆2
. (42)
which is independent of the boson number, as long as we use
gates on the timescale Ωeff2 t = π/4N. The scaling of the error
of the two BEC qubit gate as a function of N is shown in Fig-
ure 3(d). The figure shows qualitatively the same behavior as
Figure 3(b), where the error monotonically decreases with the
number of bosons.
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7. Discussion
We have described a framework for performing quantum in-
formation processing that is based on spin coherent states, look-
ing at the specific example of two component spinor BECs.
The theory has similarities to the theory of continuous vari-
ables quantum information processing [22], where instead of
using discrete variables, an effectively continuous Hilbert space
is used. However, while current uses of spin coherent states
in continuous variables uses only small deviations from po-
larized states on the Bloch sphere, here we enter a fully non-
linear regime using the full space of the Bloch sphere. We dis-
cussed entanglement properties of entangling two BEC qubits,
and mapping procedures for converting standard qubit quantum
algorithms to the BEC qubit case. A specific implementation
using atom chips were discussed, together with expected de-
coherence effects associated with this implementation. From a
conceptual point of view, one of the interesting results of the
proposed scheme is that that despite the “classical” N → ∞
limit, entanglement, and hence quantum computation can be
performed in the system when entangling gates of the form
S i1S
j
2 are applied. This said, depending on the type of state that
is targeted, it may be difficult to observe such macroscopic en-
tanglement for the same reason that Schrodinger cat states are
difficult to observe, due to enhanced decoherence rates of such
states. However, with a judicious use of quantum states, the
approach may offer an alternative to standard quantum compu-
tation schemes beyond standard qubit and continuous variable
schemes.
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